vancomycin loading dose (C 20 mg/kg) on clinical outcomes and rates of nephrotoxicity in patients with methicillin-resistant Staphylococcus aureus (MRSA) bacteremia. The study matched patients in a 1:1 fashion based on age, Pitt bacteremia score, and bacteremia source. The primary outcome was composite treatment failure (30-day mortality, bacteremia duration C 7 days after vancomycin initiation, persistent signs and symptoms of infection C 7 days after vancomycin initiation, or switch to an alternative antimicrobial agent). Secondary outcomes included duration of bacteremia, length of stay post-bacteremia onset, and nephrotoxicity. Results: A total of 316 patients with MRSA bacteremia were included. Median first doses in the loading dose and non-loading dose groups were 23.0 mg/kg and 14.3 mg/kg, respectively (P \ 0.001). No difference was found in
INTRODUCTION
Various guidelines have suggested different vancomycin dosing and monitoring strategies and it was not until 2009 that the first consensus guideline for the therapeutic monitoring of vancomycin was published [1] [2] [3] [4] . The vancomycin guidelines recommend targeting trough concentrations of 15-20 mg/L for patients with Staphylococcus aureus bacteremia, endocarditis, osteomyelitis, meningitis, or hos-pital-acquired pneumonia and dosing regimens are designed to achieve these target serum exposures at steady-state.
Depending on a patient's renal function, it may take anywhere from 24 to 72 h, or longer, to reach steady-state. To facilitate rapid attainment of goal concentrations, the guidelines recommend a one-time loading dose of 25-30 mg/kg based off total body weight (TBW) for seriously ill patients [1] . By increasing the likelihood of pharmacokinetic/pharmacodynamic (PK/PD) target attainment early in therapy, this would theoretically improve outcomes in those patients at highest risk of mortality. Although published data demonstrate that achievement of PD targets during the first 48 h of infection improves outcomes, clinical data showing a direct benefit of vancomycin loading doses are lacking [5, 6] . Conversely, given previous findings of higher total daily doses being correlated with higher incidence of nephrotoxicity, hypothetical concerns of increased vancomycin-associated nephrotoxicity persist with the weight-based loading dose approach, especially in obese patients [7] . However, this is likely due to resultant supratherapeutic vancomycin exposures in these patients, and there are currently few data to demonstrate an association between vancomycin loading doses and nephrotoxicity [8, 9] .
Due to the relative paucity of evidence demonstrating advantages to vancomycin loading doses, combined with the concern for increasing the risk for toxic events, continued evaluation of this practice is necessary. The primary objective of this study was to evaluate the effect of administering a one-time, weightbased vancomycin loading dose on clinical outcomes in patients with MRSA bacteremia.
with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. This was a retrospective, matched cohort study conducted at two academic health-systems in Southeastern Michigan comprised of 5 acute care hospitals. Patients at least 18 years of age who received vancomycin for treatment of a documented MRSA bacteremia between 2007 and 2013 were eligible for inclusion. Patients were excluded if they received vancomycin for less than 72 h, were pregnant, or had end-stage renal disease or unstable renal function that precluded them from receiving a scheduled vancomycin maintenance dose.
Data Collection
Data collected included demographics, comorbid conditions, antimicrobial treatment regimens, source of MRSA bacteremia, serum creatinine, Pitt bacteremia score at the time of vancomycin initiation, duration of bacteremia, length of stay, length of vancomycin therapy, vancomycin dosing and trough concentrations, microbiological and clinical cure data, concomitant nephrotoxins, and in-hospital mortality.
Patient Matching
Patients who received a vancomycin loading dose (first dose C 20 mg/kg TBW) were matched to those who did not (first dose \ 20 mg/kg TBW) in a 1:1 ratio. Patients were matched on the following criteria: age category (18- [10] .
Outcome Data and Definitions
The primary outcome of this study was composite treatment failure defined as the presence of at least one of the following: 30-day mortality (from index culture), bacteremia duration C 7 days after vancomycin initiation, persistent signs and symptoms of infection [temperature [ 38°C, white blood cells [ 12,000/lL] C 7 days after vancomycin initiation, or switch to an alternative anti-MRSA antimicrobial agent due to treatment failure as determined by treating physician documentation. Patients not meeting criteria for composite failure were considered to be a treatment success. Secondary outcomes included duration of bacteremia, length of stay post-bacteremia onset, and nephrotoxicity. Nephrotoxicity was defined as an increase in serum creatinine (SCr) of greater than 0.5 mg/dL or at least a 50% increase from baseline on two consecutive measurements as per the vancomycin dosing and monitoring guidelines, and was assessed starting from the first dose of vancomycin to 72 h after the final dose [1] . Baseline SCr was the creatinine value immediately preceding the first dose of vancomycin. Vancomycin trough concentration assessment included only initial trough concentrations drawn at steady-state of the maintenance regimen (prior to the 4th or 5th dose). Concomitant nephrotoxins assessed included aminoglycosides, colistin, acyclovir, intravenous (IV) contrast dye, amphotericin, tacrolimus, loop diuretics, non-steroidal antiinflammatory drugs, angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers.
Statistical Analysis
A sample size of 272 patients, 136 matched pairs, was required to detect a 15% difference in the primary endpoint using an alpha of 0.05 and power of 80%. For all analyses, a P value B 0.05 was considered statistically significant. All statistical analyses were performed using SPSS v.24.0 (Armonk, NY, USA).
In the primary analysis, a series of bivariate analyses were performed to compare outcomes between exposure groups, determine factors associated with the primary outcome of composite failure, and determine factors associated with nephrotoxicity. Categorical variables were compared using the v 2 or Fisher's exact test while continuous variables were compared using the Student's t test or Mann-Whitney U test. Multivariable regression analyses were then performed to examine the independent association between loading dose and composite failure as well as loading dose and nephrotoxicity. Loading dose, along with all variables associated with the outcome of interest at a P value \ 0.2 with biologic plausibility were entered into conditional logistic regression models simultaneously and removed in a backward, stepwise fashion, being retained in the logistic regression model if the P value for the likelihood ratio test for their removal was \ 0.1. Because loading dose was the exposure of interest, it was forced to remain in final step of regression models even if no statistical association was observed. Model fit was assessed with the Hosmer-Lemmeshow goodness-of-fit test; models with a non-significant result were considered adequate. Multicollinearity of candidate regression models was assessed via the variance inflation factor, with values between 1 and 5 considered acceptable.
Post-Hoc Analyses
Based on the unequal distribution of TBW between the loading dose and non-loading dose groups, the lack of association between first dose measured in mg/kg, and the mild association between first dose in mg and outcome (P = 0.12) in the primary analysis, post hoc exploratory analyses were performed to further examine the association between initial vancomycin dose, measured in mg, and outcome. Classification and regression tree (CART) analysis was performed to derive a threshold in the distribution of initial vancomycin dose, modeled continuously, where the incidence of composite failure was most disproportionate. After identifying this threshold, it was entered into regression analysis in place of loading dose to examine its independent association with composite failure. Furthermore, given both the obesity imbalance between treatment groups and the unexpected finding of obesity being protective against treatment failure, further analyses were performed to ensure the lack of association between a weight-based loading dose strategy and outcome was not an artifact of obese patients being less likely to receive first doses C 20 mg/kg. This was accomplished by two separate methods. First, failure rates were compared in patients receiving loading doses to those who did not as a function of body mass index (BMI) classification (i.e., underweight, normal/overweight, and obese). This same analysis was also performed in the different BMI classifications for the CART-defined milligrambased (non-weight-based) first dose cutoff for success. Secondly, the multivariate models for independent predictors of failure were performed excluding the obese patients population (n = 62) to assess the impact on the association between loading dose or the CART-defined cutoff on treatment failure in the rest of the cohort.
RESULTS

Patient Population
A total of 316 patients constituting 158 matched pairs were included in the final analysis. The baseline demographics of the patients were similar in each group, although patients who did not receive loading doses had significantly higher TBW and prevalence of obesity ( Table 1) . The most common source of MRSA bacteremia was skin and soft tissue infection. Over onethird of the patients in each group required admission to an intensive care unit (ICU) at some point during admission, but overall Pitt bacteremia scores remained low in both groups. Vancomycin minimum inhibitory concentration (MIC) was available for 292 of the isolates, with an MIC 50 of 1 mg/L (range 0.5-2 mg/L). Among patients in the loading dose group, the median (IQR) initial dose was 23.0 mg/kg (21.4-25.0) equating to 1500 mg (IQR 1500-2000). This was significantly greater than the initial dose of 14.3 mg/kg (IQR 12.2-17.1) or 1000 mg (IQR 1000-1250) received by patients in the non-loading dose group (P \ 0.001 for both comparisons). Although loading dose patients received a higher median (IQR) Table 3 . Receipt of a vancomycin loading dose was not associated with risk of nephrotoxicity [aOR 1.295 (0.657-2.553)].
Post-Hoc Analyses
As described above, post-hoc CART analysis on initial vancomycin dose (mg) was performed to determine if a milligram-based cutoff predicting success could be identified. This analysis unveiled a threshold of C 1750 mg, above which the proportion of patients experiencing composite failure (Supplemental Table 1 ) was significantly lower [25/86 (29.1%) receiving C 1750 mg vs. 97/230 (42.2%) receiving \ 1750 mg, P = 0.033]. CART analysis was unable to determine a mg/kg-based cutoff. In multivariable regression analyses including initial dose C 1750 mg in place of vancomycin loading dose, doses C 1750 mg were independently protective against failure [aOR 0.506 (0.284-0.902)] and obesity was no longer independently protective against failure ( Table 2) .
When treatment failure rates were assessed for both exposure cutoffs (presence/absence of loading dose of C 20 mg/kg and presence/absence of first dose of C 1750 mg) as a function of BMI category, failure rates were lowest for obese patients and there was no association between first dose and outcome in obese patients ( Table 4 ). Initial dose C 1750 mg was associated with decreased failure in the normal/ overweight cohort (31.0% vs. 47.5%; P = 0.032).
No such association was seen with loading doses C 20 mg/kg in normal/overweight patients, with failure seen in 42.4% and 44.1%, respectively (P = 0.89). Furthermore, when all obese patients were removed from the cohort, the magnitude of the adjusted odds ratios in the multivariate models for loading dose [aOR 0.697 (0.406-1.196)] and first dose C 1750 mg [aOR 0.561 (0.287-1.094)] and treatment failure were similar to that of the overall cohort, and only failed to reach significance for first dose C 1750 mg due to wider confidence intervals due to the decrease in sample size. Importantly, when initial dose of C 1750 mg was placed in the model for nephrotoxicity instead of vancomycin loading dose, no association between this dose and toxicity was demonstrated [aOR 0.909 (0.432-1.911)].
DISCUSSION
In the present study, there was no significant correlation between vancomycin loading dose and clinical success when the loading dose was assessed in the traditional (mg/kg) sense. It is noteworthy, however, that, when controlling for other factors, there was a signal between a mg/kg-based first dose and improved outcome that failed to reach statistical significance. Further investigation revealed that first dose, when looked at on a milligram basis alone, did have a significant impact on clinical outcomes. While first doses C 1750 mg being predictive of success and loading doses C 20 mg/kg having no association with failure is an interesting and important finding, a potential confounder of this dataset was that obesity was found to be protective against composite failure. One possible explanation for the above finding is that obese patients may have received higher first doses (in mg) despite the dose not meeting the arbitrary mg/kg definition of a loading dose. In order to ensure this patient group did not drive the lack of association between mg/kg-based loading dose and outcomes, multiple additional analyses were performed, the results of which demonstrate that obesity itself is unlikely to have obscured any relationship, and that the association between milligram-based (flat) first doses and outcomes is truly stronger than mg/ kg-based loading doses.
First, Table 4 clearly demonstrates that obese patients were less likely to experience composite failure compared to other patients in the cohort regardless of either mg/kg or flat first dose cutoff (20 mg/kg or 1750 mg). One possible explanation for this finding is that obese patients were less likely to have a ''high-risk'' source of MRSA bacteremia then non-obese patients (30% vs. 18%; P = 0.08; data not shown). Secondly, to further ensure that obesity was not confounding an association with weight-based dosing we performed the same regression analyses with obese patients removed from the cohort. Without this group of patients, the adjusted odds ratios for composite failure and first doses in mg/kg and C 1750 mg were similar to those for the entire cohort. Importantly, the adjusted odds ratio for mg/kg-based loading dose and treatment failure actually increased slightly when obese patients were removed from the cohort. If these patients were truly obscuring an association, it would be expected that the adjusted odds ratios would decrease (or at the least stay the same) when these patients were removed from the cohort, even if they failed to reach statistical significance due to sample size. Additional stratified analyses further support the association between initial doses of 1750 mg or greater rather than weight-based loading doses as the true driver in clinical success in our cohort. The benefit of a first dose C 1750 mg was primarily observed in normal/overweight individuals, which was the predominate weight class of the patients in this study. Conversely, when assessing weight-based doses in this same cohort of patients, no signal of an association was identified with first doses C 20 mg/kg. Interestingly, the only weight category that suggested a potential benefit from a weightbased loading dose was those who were underweight. In this cohort of patients, failure was seen in 4/20 (20%) of patients who received a weight-based loading dose compared to 7/14 (50%) of those who did not. While this association failed to reach significance due to small numbers, it is logical that this would be the cohort where a weight-based dose might show the most benefit as it would allow patients in this group to receive a dose closer to the threshold mg dose. However, given the small numbers, and the fact that no patient in this weight category received a dose of at least 1750 mg, we were unable to fully assess the threshold in this patient population. Finally, while the CART analysis was able to identify 1750 mg as a flat-dose threshold, it was unsuccessful at identifying an mg/kg cutoff value associated with composite failure. Taken together, these data support the finding that a flat, milligram-based first dose, rather than a mg/kgbased one, may improve patient outcomes.
It is important to note that the finding that doses C 1750 mg decreased treatment failure should not to be interpreted as a threshold for what a loading dose should be, but more so as a proof of concept that there is an association between initial vancomycin dose and clinical outcome, and that that dose might not be best determined by a patient's weight. Finding an association between first dose and outcome is [8, 9, 11] . While this study assessed both first dose and maintenance dose regimens, it did not assess the timing between those doses and thus cannot assess day 1 area under the time-versusconcentration curve (AUC). Therefore, the 1750-mg dose identified by CART analysis in this study cannot be extrapolated to the greater population as the total exposure on day 1 associated with this value could not be ascertained. MIC values were available for the majority of the MRSA isolates; however, this information was not included in any of the analyses given the known inaccuracies with the various testing methodologies. Vancomycin MIC values for MRSA performed using automated susceptibility testing have been shown to vary from the Clinical Laboratory Standards Institute broth microdilution method by ± 1 dilution, whereas MIC testing via Etest methodology tended to produce MIC values 1-2 dilutions higher than broth microdilution [12] . As the vast majority of MRSA isolates have a MIC value of 1 mg/L, this variable likely had little impact on the outcomes of this study [13] .
While the association between a flat milligram-based first dose and not a mg/kg-based dose and clinical failure was novel and unexpected, it should not be a surprise. The only pharmacokinetic parameter impacted by the first dose is peak serum concentration (C max ), which is dependent not only on the dose but also on the volume of distribution (V d ). It is well established that V d is lower (0.26-0.56 L/kg of total body weight) in obese patients than the 0.7 L/kg cited for normal weight individuals [14] [15] [16] [17] . Given this information, it makes sense that, while obese patients may need a higher first dose due to a higher overall V d , that dose does not need to increase proportionally with weight because V d is not increasing proportionally. This finding is further supported by Reynolds et al. [18] , who reported that obese patients who received vancomycin dosed at 10 mg/kg/dose achieved more therapeutic concentrations and fewer supratherapeutic troughs than those who received 15 mg/kg/dose. Similarly, AUC is dependent on initial dose as well as on drug clearance. Vancomycin clearance is best estimated using the adjusted body weight of an obese patient [19] . Using this information, a mg/kg vancomycin dose based on total body weight would likely overshoot the AUC target, given the disproportionate increase in clearance. This provides further support that a flat dose may be a more appropriate dosing strategy in this patient population. As previously stated, we were unable to validate this assumption, given the absence of maintenance dosing timing as well as lack of day 1 AUC data.
The clinical failure rate of around 40% in each group is consistent with failure rates documented in other studies using trough-based vancomycin dosing for the treatment of MRSA bacteremia [20] [21] [22] . Although a few analyses have assessed the impact of PK determined loading doses on day 1 AUC or trough target attainment, only one study has assessed the impact of loading doses on outcomes [23] [24] [25] [26] .
Wesolek and colleagues [26] performed a retrospective cohort study to evaluate the impact of initial vancomycin doses on resolution of systemic inflammatory response syndrome (SIRS) criteria in patients with sepsis secondary to MRSA bacteremia. Patients who received a first dose of vancomycin C 20 mg/kg (n = 37) experienced resolution of SIRS criteria within 67 h, on average, compared to 109 h in patients receiving first doses of vancomycin \ 20 mg/kg (n = 87) and Cox proportional hazard modeling showed a faster resolution of SIRS in the first dose C 20 mg/kg group [HR = 1.72 (1.09-2.73)]. It was hypothesized that this was likely due to more rapid achievement of therapeutic serum vancomycin concentrations among patients receiving the higher first dose; however, day 1 exposures were not reported and other dosing strategies were not assessed.
A common cause for hesitation with higher first doses is a perceived risk for increased rates of acute kidney injury. In this regard, the data presented in this analysis are extremely encouraging as neither a first dose C 20 mg/kg nor a first dose of C 1750 mg was a risk factor for of development of nephrotoxicity. These findings are further supported by a study performed by Rosini et al. [27] , which compared rates of nephrotoxicity (2 serial SCr values of C 0.5 mg/dL from baseline or an increase of C 50%) and acute kidney injury (AKI; a single SCr increase of C 0.5 mg/dL or C 50% increase from baseline) among patients receiving vancomycin with first doses [ 20 mg/kg and B 20 mg/kg. In this analysis, nephrotoxicity and AKI actually occurred less frequently in patients who received a first dose [ 20 mg/kg compared to patients receiving B 20 mg/kg (5.8% vs. 11.1%; P \ 0.001 for nephrotoxicity; and 7.5% vs. 12.8%; P \ 0.001 for AKI). Taken together, these data support the safety of vancomycin loading doses to optimize patient outcomes.
The findings of this study are not without limitations. First, this study was retrospective in nature, which could lead to information bias. Although incomplete documentation in the medical record can make it difficult to accurately measure outcomes retrospectively, we constructed a primary composite failure outcome based largely on readily available objective criteria, such as mortality and bacteremia duration which should limit the impact this has on the outcomes assessed. Secondly, while the guideline-recommended loading dose is 25-30 mg/kg, all first doses above 20 mg/kg were considered a loading dose in this study. This was done to capture patients intended to receive a loading dose, but who may have received slightly less than the guideline recommendation due to the common practice of doserounding to the nearest 250 mg increment. Additionally, as one component of the failure definition was a switch from vancomycin to alternative agents, prescribing bias in therapeutic preference could come into play. Encouragingly, there was no difference in this outcome between any of our groups, and this did not drive the differences in composite failure seen in this study. Although the study included two health systems, the vancomycin dosing practices at these institutions may not be reflective of the diverse range of practices employed. In particular, this study included a large proportion of patients who were not critically ill, the area where loading doses are theorized to provide the greatest benefit. As such, the results of this study may not fully capture the impact of administering a loading dose in this population. Finally, as previously discussed, while an association between vancomycin first doses and clinical failure was observed, evaluation of the maintenance dose was not performed and carries with it multiple implications. While maintenance doses and steady-state vancomycin troughs were similar between the cohorts, timing of initiation of these maintenance regimens and the resulting AUC 0-24 exposures, were not assessed. An inappropriately timed maintenance regimen (i.e., too great an interval between administration of the first dose and the maintenance regimen) has the potential to derail any theoretical benefit gained by administering a loading dose.
CONCLUSION
To date, this is one of the only studies to examine the association between vancomycin loading doses, clinical outcomes and nephrotoxicity in patients with MRSA bacteremia. No significant difference in efficacy or toxicity was seen between those patients who received loading doses C 20 mg/kg TBW and those who received a smaller initial dose. This study found that initial doses C 1750 mg were associated with clinical success; however, due to the aforementioned limitations, this should not be interpreted as the definitive first dose threshold. Rather, these finding highlights that there is an association between first dose and clinical outcome and that, contrary to previous belief, this first dose may not need to be an mg/kg-based dose. Additional studies combining first dose data, day 1 exposures, and clinical outcomes are needed to fully discern the impact of vancomycin first doses.
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